Stillage processing can require more than one third of the thermal energy demand of a dry-grind bioethanol production plant. Therefore, for every stillage fraction occurring in stillage processing the potential of energy recovery by anaerobic digestion (AD) was estimated. In the case of whole stillage up to 128% of the thermal energy demand in the process can be provided, so even an energetically self-sufficient bioethanol production process is possible. For wet cake the recovery potential of thermal energy is 57%, for thin stillage 41%, for syrup 40% and for the evaporation condensate 2.5%.
INTRODUCTION
In recent years, bioethanol production has increased very strongly because of the increasing demand for ethanol as a biofuel. In the USA, the current world leader in bioethanol production, a tenfold increase in production occurred in the last decade (6.2 million m³ in 2000; 50.1 million m³ in 2010 -Renewable Fuels Association ). Worldwide bioethanol production rose from 65 million m³ in 2008 to 95 million m³ in 2010, an increase of almost 50% within only 2 years. In the European Union (EU), bioethanol production increased by 60% during the same time span (2.8 million m³ in 2008; 4.5 million m³ in 2010 -Renewable Fuels Association ). These examples show that the bioethanol industry is growing fast and, therefore, alternatives for stillage treatment, the by-product in bioethanol plants, are becoming more and more important.
State-of-the-art stillage treatment in bioethanol production
Dry-grind bioethanol plants have lower investment costs than wet-mill bioethanol plants (Rausch & Belyea ) .
As a consequence, this paper will focus on the dry-grind ethanol production process which is also the most common process among all existing grain ethanol plants. The dry-grind process is described in detail in Bothast & Schlicher () , as well as in Senn & Pieper () . Apart from ethanol and carbon dioxide, stillage is produced as a liquid by-product in the process. This effluent has a high organic load and consists mainly of grain residues and yeast biomass. Due to the high chemical oxygen demand (COD) load, as well as the high nitrogen and phosphorous loads, stillage has a high pollution potential. This issue is aggravated in large-scale applications, like bioethanol plants, because high amounts of residues are accumulated: approximately 1.3 × 10 6 t/yr of stillage for a bioethanol plant producing 200,000 t/yr of ethanol. However, stillage can be used as animal feed and for stability reasons it is dried to DDGS (Distillers' Dried Grains with Solubles) in the dry-grind bioethanol process. This state-of-the-art stillage treatment is shown in Figure 1 . The fermentation broth after distillation is called stillage or whole stillage. It enters a decanter and is separated into a solid fraction -wet cake -and a liquid fraction -thin stillage. As a next step, thin stillage is evaporated to syrup and the produced vapour is condensed and reused as process water for mashing the grains and for cleaning purposes. Syrup is mixed with wet cake and dried to the animal feed DDGS. These process streams in stillage treatment are referred to as 'stillage fractions' in the following text. This state-of-the-art stillage treatment process is quite energy intensive. Depending on the water content of the used grains, the evaporation of thin stillage and the drying to DDGS can demand over one third of the thermal energy demand in bioethanol production. As a consequence, DDGS production is only profitable if DDGS can be sold at a reasonable price (Rausch & Belyea ) . A regional or national increase in bioethanol plants can lead to an increase in DDGS supply and therefore lower the market price. According to Drosg et al. () , it was estimated that anaerobic digestion (AD) becomes competitive for whole stillage if the DDGS price lies below €100/t -calculated with the energy prices from 2007.
Stricter regulations on the overall sustainability of biofuel production processes can become major driving forces to integrate AD into the bioethanol production process. The EU, for example, has established higher sustainability criteria for biofuel production facilities in its Renewable Energy Directive 2009/28/EG. From 2018 on, newly constructed bioethanol plants will have to fulfil a minimum of 60% savings of greenhouse-gas emissions compared to fossil fuels. This demand is quite difficult to achieve with state-of-the-art dry-grind ethanol plants (Farrell et al. ) . Therefore, the integration of AD into bioethanol plants is an opportunity to improve the net energy balance of the produced biofuel and to further reduce greenhouse-gas emissions (Agler et al. ; Murphy & Power ) . All in all, an alternative stillage treatment process like AD becomes more and more attractive.
Anaerobic digestion as an alternative stillage treatment option
Research on the anaerobic treatment of stillage was already carried out in the 1950s according to Braun & Huss () . In these early times practically only small-scale ethanol production plants (e.g. distilleries) existed and the interest in AD was focussed more on high-strength wastewater treatment than on energy recovery. Braun & Huss () and Doppler () did detailed research on different reactor concepts for the anaerobic treatment of corn stillage from distilleries.
With the energy crisis in the 1970s, ethanol production for biofuel usage became of great interest. A demonstration plant for fuel ethanol production was constructed in Germany in the 1980s for research purposes, where domestic substrates like grains were used (FAL ). In this plant, energy recovery by biogas from stillage was integrated. With the turn of the century, the size and number of grain ethanol plants increased rapidly and the interest for energy recovery by AD became more and more important (Wilkie et paper aims to fill this gap. It gives an overview of the suitability of different stillage fractions as substrates in a biogas plant as well as of technological limitations. For promising stillage fractions AD process details are presented. However, the approach is more general so the interested bioethanol plant operator can decide by himself which approach is more suitable under the specific conditions of his bioethanol plant.
MATERIAL AND METHODS

Analysis of stillage fractions
Samples were taken at a dry-grind bioethanol plant with a production capacity of 200,000 t/yr of bioethanol. The substrate mix consisted mainly of corn and wheat (with small amounts of triticale and molasses). The samples were taken during a period of 3 years. During this period of investigation, larger variations in the proportions of corn and wheat occurred in the substrate mix.
The following parameters were obtained using standard methods (APHA ): total solids (TS), volatile solids (VS), COD, total kjeldahl nitrogen (TKN) and ammonia nitrogen (NH 4 -N). Additionally, elemental analysis was performed with an inductively coupled plasma optical emission spectrometer (ICP-OES) 'Ultima 2' (Jobin Yvon Hariba, Longjumean, France). For carbohydrate detection, a HPLC analysis with 0.01 N sulphuric acid as eluent on a 'ICSep ICE-ON-300' column was carried out. As detectors, the refraction index detector (RID) and the multiwave detector (MWD) from the 'Hewlett Packard Series 1100' were used.
Estimation of energy recovery potential
The biochemical methane potential (BMP) of the stillage fractions was measured through anaerobic batch fermentation tests (triplicates) at 35 W C. These tests were based on DIN 38 414-S8 () and slightly simplified according to Drosg et al. () . In order to make the test more practical, the expensive eudiometer gas measuring devices are replaced by simple water displacement bottles. In addition, a bottle with an alkaline solution is placed after the digester vessel to absorb the produced carbon dioxide, and to allow direct methane measurement. As inoculum a sieved fermenter content (VS ¼ 3.5%) from a biogas plant using energy crops and manure was utilised. A substrate to inoculum ratio (VS sample /VS inoculum ) of 0.2 was used, since at higher ratios acidification became problematic due to the fast degradability of the stillage fractions. For condensate, where no VS is measurable, a COD load in the sample of about one third of the other tests was used due to the high acidification potential caused by the volatile substances. Due to the existence of such volatile substances in all the fractions, for further calculations the BMP values were based on COD content. As a next step, the mass flows were calculated for every stillage fraction according to the production capacity of the bioethanol plant. For the calculation of the COD load, the measured COD concentrations (Table 1) were used. The possible energy recovery potential was estimated based on BMP and annual COD load per fraction. As biogas reactor systems classical CSTR (Continuously Stirred Tank Reactor) technology was assumed for all stillage fractions (except condensate); this reactor system is the most applied in industrial by-product digestion. For AD of the condensate a classical upflow anaerobic sludge blanket (UASB) reactor was assumed. For the estimation of the energy demand in the biogas process it was assumed that no thermal energy demand will be necessary. According to information provided by bioethanol plant operators the stillage fractions leave the stillage treatment process at 85 W C. In addition, sufficient waste heat around 40-60 W C is available at the bioethanol plant for heating the digesters to mesophilic conditions (38-40 W C). The electrical energy demand of an industrial-scale biogas plant is 3% of the energy content of the produced biogas -equal to 0.30 kWh electric /Nm³ CH 4 (Pöschl et al. can be directly used in the bioethanol plant. However, depending on the boundary conditions at the bioethanol plant it will often be cheaper to purchase the electricity from the grid and install no CHP plant at the biogas plant. For the rest of the biogas which will not be needed to cover electrical energy demand, the efficiency factor η therm ¼ 0.87 equal to 8.72 kWh therm /Nm³ CH 4 (Friedl et al. ) for the generation of process steam was used.
For the estimation of the thermal energy demand of the large-scale bioethanol plant, the data from Murphy & Power () were used. Accordingly, the overall thermal energy demand is 2.4 kWh therm /L ethanol produced. From this about 0.84 kWh therm /L ethanol is needed for stillage processing. The data from Murphy & Power () are derived from a 150 million L/yr bioethanol plant. Although the plant discussed in this work is somewhat larger (approx. 250 million L/yr), specific energy demand does not change decisively for these plant sizes (Friedl et al. ) . Therefore, the data are well suited for the estimations. The distribution of the thermal energy demand between the different processing steps was carried out according to the data from Lurgi GmbH (). For the evaporation of thin stillage no additional energy demand was assumed, since in largescale bioethanol plants this vacuum evaporation step is normally powered by waste heat from the process.
RESULTS AND DISCUSSION
Characterisation of stillage fractions
The mean values of the composition of each stillage fraction are shown in Table 1 . In general, it is known that parameters in stillage fractions vary considerably depending on the exact substrate mix and on other process parameters (e.g. degree of concentration by evaporation). For this reason standard deviations are shown. The pH of all fractions is quite low but is acceptable for AD due to the buffering capacity generated in a biogas plant.
The results of the BMP tests are presented in Table 2 for every stillage fraction. In general, all stillage fractions were easily and quickly anaerobically degradable. Thin stillage shows slightly the highest potential (based on COD or VS) and wet cake the lowest. However, all in all they are in a similar range and show a high potential for energy recovery through AD. The measured BMP values of thin stillage 303 ± 3.0 Nm³/t COD fit very well with the average methane yield (297 Nm³/t COD) measured in continuous pilot-scale fermentation (500 L) of thin stillage from the same bioethanol plant (Maier ) . The BMP values measured in this paper are also consistent with data in the literature. For thin stillage, Nasr et al. () describe 260 mL CH 4 /g COD added for a one-step continuous fermentation process and 330 mL CH 4 /g COD added for a two-step process. Schaefer & Sung () describe a methane yield between 617 and 462 mL CH 4 /g VS added in continuous thermophilic digestion of thin stillage which is in the range of the measured BMP in this study (500 mL CH 4 /g VS added ). In mesophilic continuous digestion of whole stillage Douš-ková et al. () found a methane yield of 269 mL CH 4 /g COD added which is comparable to, but slightly lower than, the BMP (290 Nm³/t COD) measured in this paper under batch conditions. In batch experiments, Eskicioglu & Ghorbani () measured BMP values for whole stillage ranging from 458 to 401 mL CH 4 /g VS added , which are comparable to, but also slightly lower than, those measured in this paper (469 Nm³ CH 4 /t VS added ). All in all, the presented data from the literature and the experiments carried out by the authors show that the measured BMP values are reliable and can be used for an estimation of the energy recovery potential. Figure 2 visualises the COD loads of the process streams in stillage treatment. For the investigated stillage fractions (marked with AD in Figure 2 ) the amount of total thermal energy which can be recovered through AD is calculated and presented in Table 3 . For the estimation of the recovery potential, the BMP values based on COD from Table 2 are used. The evaluation for energy recovery is only done for thermal energy in Table 3 , because in bioethanol production 88% of the required energy is thermal energy (Murphy & Power ) . In Table 3 , in the fourth data column (energy recovery) the thermal energy which can be provided by biogas is shown. In the fifth column (energy demand) the total thermal energy which is needed in bioethanol production is shown. About 608 GWh therm /yr are needed in the state-of-the-art process; this is the example where only condensate is anaerobically digested. In every other scenario the energy demand of the bioethanol plant decreases a In total 1.30 × 10 6 t/yr of whole stillage are produced in the process; from this, 0.20 × 10 6 t/yr of thin stillage is recycled after centrifugation as process water for mashing (see Figure 2 ). This amount was subtracted from mass flow as well as from COD load of whole stillage, since it will not be available for biogas production. (compared to the state-of-the-art process), since less stillage fractions need to be dried to animal feed (see column seven, Table 3 ). As a result, in the sixth column (coverage by biogas) the percentage of the thermal energy demand which can be covered by the bioethanol plant is shown. Every row in Table 3 represents a separate scenario. If e.g. whole stillage is anaerobically digested neither of the other fractions will be available anymore.
Potential for energy recovery per stillage fraction in the process
As shown in Table 3 , AD of whole stillage has the potential to provide considerably more than 100% of the total thermal energy demand in the bioethanol plant. Consequently, the establishment of an energetically self-sufficient bioethanol production process by combined heat and power production is possible. Wet cake shows second highest potential and by AD of thin stillage or syrup, more than one third of the total thermal energy demand energy will be provided. Due to the considerably lower COD load in the condensate (see Figure 2) , AD of the condensate will only provide 2.5% of energy recovery.
Energy demanded for digestate treatment
In every biogas process, apart from biogas a liquid fermentation residue is generated, the so called digestate. The common approach in biogas plants is to apply digestate as agricultural fertiliser on surrounding agricultural areas due to its high fertiliser quality. If direct land application is not possible in the region around the bioethanol plant, technologies for digestate treatment can be applied. They aim at producing process water and a nutrient rich concentrate. The latter can then be transported more easily for larger distances, or even be sold as bio-fertiliser. Possible technologies for digestate treatment are solid-liquid separation, evaporation, membrane purification, etc. A detailed overview of applicable technologies is given in Fuchs & Drosg () . Nevertheless, if digestate treatment is applied, considerable energy will be demanded and the potential for energy recovery in the process will decrease. However, the suitable digestate treatment technology is highly dependent on the boundary conditions i.e. availability of waste heat for evaporation, flux rates and life time of membranes, possibility for application of digestate fractions on the surrounding areas and market value of the generated fertiliser products. For these reasons, the energy demand of a possible digestate treatment process was left out in the estimation of the energy recovery potential in Table 3 and will have to be evaluated for every case separately. In the case of thin stillage digestion the detailed energy demand for digestate evaporation will be calculated further on in this paper.
Specific issues concerning process stability in anaerobic digestion
Ammonia inhibition
All stillage fractions, apart from the condensate, show medium to very high nitrogen concentrations (see Table 1 ). As a consequence, during AD a considerable amount of ammonia will be produced which can severely inhibit the microbial consortia. The authors have demonstrated at pilot scale (500L reactor -unpublished data) that mixtures of thin stillage and syrup (to increase TKN in thin stillage) could be operated stably at NH 4 -N concentrations beyond 5 g/L (T ¼ 37 W C, pH ¼ 7.6) if sufficient trace elements are provided; microbes are adapted to high ammonia concentrations and H 2 S in biogas is kept low (<150 ppm). Adaptation potential to NH 4 -N concentrations of 5 g/L are also reported in the literature (van Velsen ). So with regard to high nitrogen concentrations neither condensate (<0.01 g TKN/kg) nor thin stillage (3.8 g TKN/kg) will pose a problem. Even for whole stillage (7.3 g TKN/kg), nitrogen concentration should still be in the range that a stable process is possible through process optimisation. However, AD of wet cake (18.6 g TKN/kg) and syrup (11.3 g TKN/kg) will definitely be problematic due to the very high nitrogen concentrations. In general, for such high nitrogen substrates there are two possible approaches. The first option is dilution with water to an acceptable nitrogen concentration. However, the dilution will lead to a large increase in fermenter volume and will aggravate the digestate problem. Digestate will accumulate in much higher amounts and lower nutrient concentrations. The second option is the removal of nitrogen from the process. A number of technologies can be applied for reducing the nitrogen concentration: ammonia stripping, magnesium ammonium phosphate (MAP) precipitation, nitrification/denitrification. However, there are only a few experiences in industrial-scale biogas applications and considerable costs are to be expected. An innovative approach is the utilisation of membrane contactor processes for ammonia removal in the process (Lauterböck et al. ) ; however, the experiences are still at laboratory scale. All in all, at the current state of technology, neither syrup nor wet cake are recommendable substrates for AD.
Lack in trace elements
Another important point with regard to process stability is the availability of trace elements. Insufficient trace element supply is often the case in industrial monodigestion. For two stillage fractions (thin stillage and condensate) which were considered promising and were further investigated by the authors, a detailed analysis of trace element composition was carried out. As shown in Table 4 , there was a total lack of some trace elements. In both fractions -thin stillage and condensate -Co, Cr and Pb were not detectable, and Ni only in very low concentrations near the detection limit. Since it is known that Co and Ni are very important trace elements for building-up essential enzymes (Gerardi ) , the addition of trace elements will be necessary for a stable process. However, by standard ICP-OES analysis only element concentrations and their abundance can be checked, not their bioavailability. In addition, the high sulphur content in practically all stillage fractions will cause a high amount of H 2 S production during AD, which will decrease bioavailability of trace elements due to sulphide precipitation. According to Speece (), Fe-availability is also a problem in stillage with high sulphur concentrations.
As a consequence, due to the moderate to low concentrations of Fe (see Table 4 ), iron will have to be added during AD as well. In the case of thin stillage, the need for adding a trace element solution as well as iron to obtain a stable process has been demonstrated in continuous laboratory tests (Nussbaumer et al. ) as well as at pilot scale (Maier et al. ; Maier ).
Process details for promising stillage fractions
Whole stillage digestion -an energetically self-sufficient bioethanol production
If in a CHP plant (η electric ¼ 0.40; η therm ¼ 0.48; Pöschl et al. ) the electrical energy demand of the entire bioethanol process is covered, which is 12% of total energy demand in state-of-the-art bioethanol production according to Murphy & Power () , still 107% of the thermal energy demand can be covered. Therefore, from an energetic point of view AD of whole stillage is an interesting concept that can help to establish an energetically self-sufficient bioethanol production process. However, in the case when digestate treatment technology is applied, this energy consumption will still need to be subtracted from the data presented above. In general, a lot of information on integrating AD of whole stillage into bioethanol production is available in the literature (FAL  Murphy & Power ), and for this reason it is not elaborated on further in this paper.
Detailed process integration for thin stillage digestion
Currently, practically all dry-grind bioethanol plants dry stillage to animal feed. They have recently invested in the drying facilities and therefore plain AD of whole stillage is often not very attractive. This is the case, especially, if DDGS prices are at least around €100/t, where AD is less economic than animal feed production (Drosg et al. ) .
In addition, thin stillage has a much higher water content (92.5%) than wet cake (68.9%) and therefore needs much more energy to be dried to about 90% TS, which is required for a marketable animal feed. Under these circumstances the authors consider thin stillage a very promising substrate for AD. Especially if the capacity of an existing bioethanol plant has to be increased, thin stillage can be -totally or partiallyanaerobically degraded for energy recovery and the existing drying facilities used to dry the rest to animal feed. Also in the literature, AD of thin stillage is often referred to as an interesting option ( The idea of the proposed process for thin stillage digestion (see Figure 3) is to recycle process water and nutrients from the biogas plant back to the bioethanol plant. In the process, wet cake is still dried to animal feed (DDG -Distillers' Dried Grains). The thin stillage is entirely treated in a biogas plant, and for subsequent digestate treatment evaporation was selected as the most appropriate technology. Digestate evaporation is favourable because waste heat from ethanol distillation is available and the quality of the produced process water (condensate) is comparably high. In state-of-the-art bioethanol production, thin stillage is concentrated by evaporation from 7.5% TS to 26.7% TS by waste heat. Using the same amount of waste heat, digestate from thin stillage can be concentrated from 2.5% TS to 8.9% TS. Therefore, no additional heat will be needed in evaporation but about 8.6 kWh electric /m³ of digestate. Assuming a CHP (η electric ¼ 0.40; η therm ¼ 0.48; Pöschl et al. ) to cover the additional electrical energy demand for digestate treatment by evaporation, the energy recovery potential in the bioethanol process is slightly reduced from 41.0 (Table 3) to 39.7%. The produced evaporation condensate can be reused for mashing in the bioethanol process and will replace process water and artificial nitrogen source (ammonia, urea) in yeast fermentation. If the entire thin stillage is anaerobically digested the ammonia loads in the condensate will exceed the amounts of nitrogen assimilated by the yeasts and as a consequence ammonia concentration will increase in the process. In this case there are two options. On the one hand, the pH in digestate can either be adjusted by adding acid (e.g. sulphuric acid) prior to evaporation to a level where only the amount of ammonia evaporates which is needed in yeast fermentation. On the other hand, a twostep evaporation can be carried out which will yield a first nitrogen-rich fraction -containing approx. 70% of total ammonia load -according to Meixner et al. () . The remaining digestate can then be acidified and a process water poor in nitrogen is produced. In this case, for acidification much lower amounts of acid are needed, since most of the alkalinity has left the digestate by degassing of CO 2 . Apart from condensate, a fertiliser concentrate with 9% TS and increased nutrient concentrations is produced. Technically, higher TS concentrations can be achieved (15-20%) however, therefore additional thermal energy will be needed.
A challenge in such a process is the combination of a biogas plant and animal feed production, where sufficient quality requirements of digestate fractions reused as process water have to be met. Depending on the digestate treatment technology, problematic issues can be the smell or colour of digestate fractions, but also hygienic criteria like sporulating bacteria. By evaporation, the selected digestate treatment process, it is possible to produce a process water of sufficient quality.
Another fact is that DDG will be produced instead of DDGS. The data in this paper (Table 2) indicate that DDG would show an increase in protein content, as wet cake shows higher protein concentration (60 g TKN/kg TS) than thin stillage (51 g TKN/kg TS). On the other hand, ash content would decrease decisively as wet cake has only 32 g ash/kg TS compared to thin stillage with 107 g ash/kg TS. An increase in protein content would increase DDG market value and a decrease in salt content can be an advantage compared to DDGS (Belyea et al. ; Kim et al. ) . However, in the literature the reported composition of DDGS and DDG varies considerably (Rausch and Belyea ), depending on feedstock, process and plant investigated. According to Tucker et al. () in corn ethanol production DDG shows a slight decrease in protein concentration (2.8% lower protein content) compared to DDGS, and a 47% lower total phosphorous concentration. In addition, Tucker et al.
() observed a 25% higher crude fibre content in DDG. On the other hand, Kim et al. () describe a strong increase in protein concentration in DDG compared to DDGS, as well as a decrease in salt concentration. In addition, in Mathews & McConnell () it is described that the DDG market price is higher than the DDGS price. Nevertheless it remains unclear how much of the high quality yeast protein from the whole stillage goes into the DDG or will rather be in the thin stillage fraction after separation. To conclude, depending on the specific conditions at the bioethanol plant, a bioethanol plant operator should investigate the possible change in market value from DDGS to DDG before integrating an AD process based on thin stillage.
Another interesting point is that mycotoxins which are present in thin stillage can be anaerobically degraded during the biogas process which is the case, for example, for deoxynivalenol (DON) (Binder et al. ) . This could help to reduce mycotoxins in the produced animal feed decisively, if elaborated further. A prerequisite is, however, that the mycotoxins remain in the thin stillage (watery phase) during the separation process by decanters, rather than in the wet cake fraction. This is the case, for example, for the mycotoxins nivalenol (NIV) and deoxynivalenol (DON) according to Lauren & Ringrose () .
Digestion of condensate -possible increase of process stability by degradation of volatile metabolites Detailed COD measurements of condensate, carried out by the authors, showed that the fluctuation of the COD was very high 10.3 ± 8.6 g/L (a relative standard deviation of 83%). The reason for this is that the condensate is used as process water in the bioethanol production process, the bioethanol plant is flushed with condensate during cleaning processes (see Figure 2 ). This also explains why high concentrations of ethanol (2.6 ± 3.0 g/L) were measured although they could not originate from the evaporation of thin stillage only, due to its lower ethanol concentration (0.7 ± 0.3 g/L).
From a technological point of view condensate has the advantage that it practically does not contain solids. Therefore, anaerobic treatment can be realised quite easily, since appropriate technology (e.g. UASB reactors) is available for condensate treatment (Driessen et al. ; Wilkie et al. ) . An UASB process can be integrated easily into the bioethanol plant without any change in the bioethanol production process which is a real advantage for the bioethanol plant operator. In addition, it is expected that the effluent can be reused without further treatment directly in the mashing process.
The potential for energy recovery from condensate is low (2.5%) but more than negligible. However, especially from the point of view of guaranteeing process stability, AD of condensate can be of interest. Depending on the process conditions, condensate can contain considerable amounts of volatile metabolites (e.g. acetic acid) which can inhibit yeast fermentation to ethanol. In the samples measured by the authors the concentration of acetic acid lay between 1.5 and 0.2 g/L (average was 0.5 g/L). According to Moon () an inhibition of yeast growth rate can already occur at 1.1 g/L of acetic acid. For this reason, the integration of an AD step for condensate treatment will reduce the metabolite concentration and increase process stability in ethanol fermentation.
CONCLUSIONS
The economic feasibility of integrating a biogas process into a bioethanol plant mainly depends on the price of energy and animal feed. Such a process is still not state of the art, and the issues for optimised digestate treatment or utilisation have to be solved. The potential for energy recovery is, however, very promising and lies mainly between 40 and 128% of overall thermal energy demand, depending on the stillage fraction. In general, all stillage fractions are very anaerobically degradable; however, when establishing a monodigestion process, the lack in trace elements and high sulphur concentrations have to be considered. An even bigger issue will be the high nitrogen concentration in some stillage fractions. Although considerable ammonia concentrations are tolerable in AD if process optimisation and microbial adaptation is carried out, the stillage fractions syrup and wet cake will certainly exceed tolerable concentrations. Therefore, at the current state of technology they are not very promising for energy recovery via AD.
However, at the moment a lot of research is carried out in technologies to reduce ammonia concentrations during AD which can make digestion of wet cake or syrup possible in the future.
It could be demonstrated that AD of whole stillage has the potential to achieve a totally energy-sufficient bioethanol production process. However, at the moment most dry-grind ethanol plants have already invested in drying facilities and the economics of AD of whole stillage are not very promising. Therefore, AD of thin stillage can be a very practical approach for energy recovery. In such a process up to 40% of the thermal energy demand can be recovered; this already includes energy demand of digestate evaporation as a suitable treatment process. Due to the co-production of animal feed, any process water from digestate treatment has to meet high quality requirements. This is one of the reasons that the evaporation of digestate is a viable approach in this context. In addition, a nitrogen-rich condensate fraction can be produced which can replace nitrogen input in yeast fermentation. The AD of condensate can easily be integrated into a bioethanol plant. Although energy recovery potential is very low (2.5% of the total thermal energy demand), such a process has the advantage that process stability of ethanol fermentation can be improved by anaerobic degradation of potential inhibitors in the process. 
